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Abstract
Floating offshore wind turbines are a novel technology, which has reached, with
the first wind farm in operation, an advanced state of development. The ques-
tion of how floating wind systems can be optimized to operate smoothly in harsh
wind and wave conditions is the subject of the present work. An integrated op-
timization was conducted, where the hull shape of a semi-submersible, as well as
the wind turbine controller were varied with the goal of finding a cost-efficient
design, which does not respond to wind and wave excitations, resulting in small
structural fatigue and extreme loads.
The optimum design was found to have a remarkably low tower-base fa-
tigue load response and small rotor fore-aft amplitudes. Further investigations
showed that the reason for the good dynamic behavior is a particularly favorable
response to first-order wave loads: The floating wind turbine rotates in pitch-
direction about a point close to the rotor hub and the rotor fore-aft motion is
almost unaffected by the wave excitation. As a result, the power production
and the blade loads are not influenced by the waves. A comparable effect was
so far known for Tension Leg Platforms but not for semi-submersible wind tur-
bines. The methodology builds on a low-order simulation model, coupled to a
parametric panel code model, a detailed viscous drag model and an individually
tuned blade pitch controller. The results are confirmed by the higher-fidelity
model FAST. A new indicator to express the optimal behavior through a single
design criterion has been developed.
Keywords: Floating wind turbine, Integrated design, Wave cancellation,
Counter-phase pitch response, Systems Engineering
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1. Introduction
First concept and feasibility studies for Floating Offshore Wind Turbines
(FOWTs) appeared more than 15 years ago [1]. Since then, prototypes of
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spars, semi-submersibles, barges and Tension Leg Platforms (TLPs) have been
built [2]. The present paper aims at particular design indicators for semi-
submersibles for a favorable response behavior in wind and waves. The next
sections will first provide an introduction of the inherent FOWT dynamic char-
acteristics followed by a review of published design procedures.
1.1. System dynamics of floating wind turbines
The commonly employed dynamic aero-hydro-elastic models for FOWTs in-
volve assumptions comparable to the FAST model by National Renewable En-
ergy Laboratory, Boulder, USA (NREL) [3]. This open-source tool is used as a
reference model in the present work.
Most models employ elastic Multibody Systems (MBSs) of reduced order
through an approximation of the tower and blade deformation with a super-
position of their respective mode shapes. FAST has in this work 25 enabled
Degrees of Freedom (DoFs). The low-order model, on the other hand, has six
DoFs, covering only the 2D planar motion of the system. The term “low-order”
refers in this work to the number of DoFs of the dynamic equations of motion.
Coupled dynamic models consider, next to the elastic forces, centrifugal, gyro-
scopic and Coriolis forces, which are significant for systems of large rigid-body
motions. The coupling effects are important for the system dynamics, because
the elastic body mode shapes vary when coupled into a multibody system. An
example is the coupling of the tower flexibility with the floater rigid body modes
or the controller closed-loop dynamics with the fore-aft mode.
The wind turbine blade pitch controller is especially critical for FOWTs:
A standard rotor-speed controller for above-rated wind speeds will pitch the
blades when the rotor speed exceeds its rated value. In the case of FOWTs,
this feedback loop can imply, as a side-effect, that the tower or the platform
experiences large excursions, due to the aerodynamic properties of the rotor.
When the relative wind speed (the one seen by the rotor) increases, the con-
troller will pitch the blades towards feather (increasing blade pitch angle) and
thereby reduce the aerodynamic rotor torque. As a consequence, the thrust
also decreases. This means, on the other hand, that an oscillation of the plat-
form in pitch will become unstable if the controller reacts sufficiently fast to the
sinusoidally oscillating relative wind speed, see [4, 5].
External excitations arise from wind and waves. The wind turbulence ex-
cites the low-frequency platform modes as well as the blades and the tower-
top at multiples of the rotor rotational frequencies. Dynamic effects due to
the fore-aft motion of the rotor, accelerating the bulk flow across the turbine
are subject to current research, i.e. [6, 7, 8]. Hydrodynamic forces, impor-
tant for the system dynamics of semi-submersibles, are the Froude-Krylov wave
loads including diffraction, viscous drag excitation, viscous drag damping (both
from Morison’s drag term) [9, 10, 11] and second-order slow-drift forces at the
difference-frequency of bichromatic waves from potential flow theory, i.e. [12, 13].
The first-order wave force coefficient can feature an attenuation range for semi-
submersibles, also called the “wave cancellation effect”, see [14] and [15, p. 290].
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For a representation of the overall FOWT response, the mooring line dynamics
might be of negligible influence in the case of catenary mooring lines [16, 17].
1.2. Floating wind turbine design
Several schemes for the sequential design of FOWTs have been published
in [18, 19, 20, 21, 22]. The report of the European project LIFES50+2 [23]
provides a comprehensive literature review of the FOWT design process and
summarizes the findings in a consolidated scheme consisting of three stages.
This work does not introduce a new design procedure, but a favorable effect that
becomes visible in an integrated simulation study, covering a range of system
parameters. In order to understand the existing constraints and barriers for an
integrated design procedure, these are outlined in this section, before addressing
the present design and simulation methodology.
Commonly, the design of a floating platform starts with static calculations,
the so-called spreadsheet design phase. In this phase, the main dimensions of the
structure can be determined, satisfying the requirement of hydrostatic restoring
with an approximate structural dimensioning. It includes also frequency-domain
analyses of the floater rigid body and the mooring lines. The first stage ter-
minates with first experiments and an approximation of the expected cost of
energy. In the subsequent stage, the first coupled dynamic simulations take
place, which require a wind turbine model and a controller.
The manifold of design constraints of a FOWT are represented in various
standards and guidelines [24]. Published design studies have addressed the
structural integrity, dynamic behavior, manufacturing, installation and marine
operations, among others. An academic concept design study across different
platform types was presented in [25], outlining the main assumptions and design
constraints. A spar platform out of concrete was designed, simulated and tested
in [26, 27]. The constraints and options for manufacturing of that design are
discussed and summarized in [28]. A comparable design of reduced draft was
presented in [29] with a focus on seakeeping of the floater and marine operations.
The peculiar loads of a steel semi-submersible with submerged counter-weight
are calculated in [30] with a focus on the cables, sustaining the counter-weight.
A semi-submersible for a very large wind turbine was recently presented in [22].
Further studies focused on methods for obtaining the structural stresses
of the floater in extreme and fatigue load cases. One of the first approaches
was presented for a steel semi-submersible in [31]. The difficulty of obtaining
the structural loads is due to the fact that most available coupled simulation
codes assume the floater is rigid, which makes it impossible to calculate internal
stresses. Ways to overcome this limitation were presented in [32, 33, 34, 35].
These methods involve either additional DoFs of the dynamic model or addi-
tional engineering steps in decoupled analyses. Often, the tower-base bending
moment, which is available in standard simulation models, is taken as repre-
2http://www.lifes50plus.eu, accessed on July 18, 2018.
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sentative structural load in optimization studies. It is influenced by both, wind
and wave loads.
First integrated optimization studies for TLPs and spars were presented
in [36]. A coupled frequency-domain model was used to calculate the tower-top
acceleration for various shapes of the floating platform and different slack and
taught mooring configurations. Later, optimization studies on spar platforms
were presented [37], including load calculations and a cost model. An adaptation
of the wind turbine controller was first included using the same simulation model
as in the present work in [38, 39].
A large optimization study across different platform types was published
in [40] and later extended in [41]. It includes the hull shape and mooring line
design and a genetic optimizer. In that work, a frequency-domain model is de-
rived from the code FAST [3], with a linear representation of the hydrodynamic
viscous damping but without representing the wind turbine controller. The ob-
jective was also here a low nacelle acceleration, next to the estimated cost. The
objective of the present work, as well as the design and simulation methodology
will be outlined in the next section.
1.3. Parametric design and simulation approach
The methodology of the present work builds on parametric design rou-
tines (i.e. estimating steel thicknesses for structural integrity) on the one hand
and parametric simulation models on the other hand. The design task in this
paper considers a variation of the hull shape of a three-column concrete semi-
submersible with varying draft and the wind turbine controller.
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Figure 1: Parametric FOWT system design and brute force optimization scheme.
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Figure 1 shows the main steps: The initial free variables parameterize the
hull shape. As a function of these, a reasonable design space will be defined, with
only few free variables to clearly visualize, interpret and understand the results,
as shown in the next section. Based on this initial design space, the spreadsheet
design routines ensure that each design satisfies basic constraints, related to
the structural dimensions and the hydrostatic restoring, which is subject of
Section 3. The result of this step is a design space of only two dimensions. The
designs range from a slender, deep-drafted semi-submersible to a design of large
breadth, large column radius and shallow draft. All designs are three-column
semi-submersibles with heave plates. Hence, no discontinuities are present.
An adapted low-order aero-hydro-servo-elastic simulation model will be used
for the analysis, as introduced in Section 4. It includes all effects relevant
for the main system dynamics, which are sought to be optimized. Therefore,
effects like the floater structural elasticity or advanced aerodynamic effects are
not considered. For all shapes, the first-order hydrodynamic coefficients are
calculated through a parameterized panel code model. These coefficients are
input to the low-order model. The model includes Newman’s approximation
to account for second-order slow-drift forcing. It includes also member-based
viscous drag coefficients. The model is described in detail in [42, 43].
The viscous heave plate drag model is rather detailed because it influences
the fore-aft motion and the coupling with the controller. The vertical heave plate
drag coefficients are parameterized as a function of the Keulegan-Carpenter
number KC = vT/D, which depends on the significant member length D, the
response velocity magnitude v and its period T .
The wind turbine blade-pitch controller design routine is a function of a
linear state-space model, including the viscous drag coefficients. For this rea-
son, the system response has to be solved for iteratively because the controller
depends on the drag coefficients, which in turn depend on the response magni-
tude. Examples for the analyzed results of Section 5 are the fatigue and extreme
loads under realistic loading conditions, the modal properties and the harmonic
response behavior to wind and waves.
The results of Section 6 will analyze and visualize the distinct dynamic
properties across the design space. This analysis helps to understand the ef-
fects, which drive load and power fluctuations. From the findings, a new design
objective is derived, extending the one of the nacelle acceleration used in previ-
ous works. The objective is focused on the dynamic system response while the
component design is out of the scope of this paper.
2. Design Space
The selected hull shape parameters include the column spacing from the
platform centerline d, the column radius r, the heave plate height hhp, the ratio
of heave plate radius to column radius rˆhp = rhp/r and the draft t, see Figure 2.
The column radius r is defined to be 52 % of the maximum possible column
radius rˆmax=d
√
3/2 at which the three columns would touch each other. The
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Figure 2: Free variables for parametric hull shape design, [43].
heave plate-to-column radius ratio is intended to be rˆhp,in=2 for all designs in
order to ensure that the heave plates are large enough to effectively alter vertical
added mass and Froude-Krylov forces. The heave plate-to-column radius ratio is
altered, however, for the designs where the heave plates of the different columns
would get too close to each other through an exponential function
rˆhp = rhp/r = (rmax (d)− 1)(1− exp
(
rˆhp,in − 1
rˆmax − 1
)
+ 1. (1)
This ensures that no designs with unrealistically large heave plates result, which
might not be manufacturable. The distance between overall center of mass and
metacenter GM , i.e. [11], determines the restoring as
C55 = ρgOGM , (2)
with the displaced volume O of density ρ and the gravity constant g. Ballasting
is such that zero trim is achieved. Thus, for given column diameters, a re-
quired C∗55 can be obtained by increasing the draft t, which lowers the center of
gravity more than it raises the center of buoyancy and therefore increases C55.
An upper draft limit of 80 m was considered in the a-priori definition of the
bounds of the free variables. Hence, any shape considered in this study can be
described by the two free variables column spacing d and heave plate height hhp.
This means that the design space (of the free variables) is Cartesian and the
range of every variable does not depend on the values of the others. The small
design space of feasible platforms makes a visualization and thorough analysis of
the results possible. Table 1 lists the free variables and the dependent variables.
The semi-submersible main dimensions of the 2D design space are shown
in Figure 3 with a column spacing range d = 15.0(1.0)24.0 m and a heave
plate height range hhp = 1.0(3.5)8.0 m. The designs range from slender, rather
ballast-stabilized towards buoyancy-stabilized shallow-drafted semi-submersibles.
Larger column spacings than the ones considered are expected to result in ex-
cessive bending stresses in the tripod structure. The variable heave plate height
has the main effect of modifying the vertical Froude-Krylov forcing. Thus, this
variable may be able to facilitate the above-mentioned wave cancellation effect.
The images on top of Figure 3 show that the column radius is largest for the
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Table 1: FOWT hull shape design parameters [43].
Free variables Dependent variables
• Column spacing d • Column radius r
• Heave plate height hhp • Heave plate radius rhp• Draft t
• Steel tripod strut width &
sheet thickness
• Ballast mass
• Platform mass distribution
• Mooring line fairleads position
• Wind turbine controller gains
lowest draft. The cost increases generally for increasing column radii r but de-
creases for the buoyancy-stabilized ones of shallow draft. The assumptions for
the material cost estimation will be given in Section 3, it is roughly proportional
to the submerged volume. The three designs shown in Figure 3 will be selected
in a number of the upcoming analyses and indicated by “deep draft”, “medium
draft”, and “shallow draft”.
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3. Parametric Design Routines
This section addresses the design routines, which determine the dependent
variables of Table 1. It starts with the structural design of the concrete floater
with the steel tripod on top, followed by the mooring lines and the tower.
Hydrostatic computations and the panel code calculations follow thereafter in
Sections 3.2–3.3. The wind turbine controller is also parameterized and sub-
ject of Section 3.4. The wind turbine design, used for all platforms, is the
DTU 10 MW Reference Wind Turbine (RWT) of [44].
3.1. Structural design
Design routines, which were developed for the concrete columns, the heave
plates and the steel tripod will be described in this section. The result of
the structural design calculation is mainly the mass distribution, next to the
shape of the hull, which will be input to the coupled simulation model. The
assumed material properties, costs and wall thicknesses of the columns are listed
in Table 2, based on [45].
Table 2: Structural design assumptions, [43].
Parameter Unit Value
Reinforced concrete average density [kg/m3] 2750.0
Steel density [kg/m3] 7750.0
Ballast density [kg/m3] 2500.0
Processed steel cost [e/t] 4500
Processed concrete cost [e/t] 399
Concrete column wall thickness [m] 0.6
Heave plate upper and lower lid thickness [m] 0.4
3.1.1. Steel tripod
For the steel tripod, various Finite Element (FE) analyses were performed,
covering the range of radial distances of the columns d as shown in Figure 3.
The results of these calculations allow a parameterization of the dimensions of
the steel legs like the sheet metal thickness, the strut width and height. The
calculations assume a static thrust force at the tower-top of 4605 kN, as given
in [44, p. 61]. The notch stress at the joint between the tower and the tripod
struts is assumed to be the critical failure mode. The dimensions of the struts
are determined such that the maximum notch stress is of comparable magnitude
as the one resulting from the same calculation with a comparable commercial
tripile. The method was first applied in the European project INNWIND.EU3,
of which details can be found in [46]. The dimensions of the tripod of the
minimum and maximum column spacing are shown in Table 3.
3http://www.innwind.eu, accessed on July 18, 2018.
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Table 3: Parametric design of the TripleSpar steel tripod, [43].
Min. column spacing Max. column spacing
50 mm
5 m
60 mm
7 m
Column spacing
10.0 m 35.0 m
(distance to center)
Strut width & height 5.0 m 7.0 m
Steel wall thickness 50 mm 60 mm
Maximum stress 146.0 N/mm2 142.0 N/mm2
Tripod mass 447 t 1716 t
3.1.2. Concrete columns and heave plates
The concrete columns are of pre-stressed concrete following the example of
the AFOSP spar design, see [26]. The cylindric walls have a constant thickness
for all of the hull shape variations, see Table 2. The heave plates are made out
of reinforced concrete with the material properties given in Table 2. The heave
plates are concrete rings, flush mounted to the lower ends of the columns. This
assumption is rather conservative and accounts for further compartmentation
and reinforcements of the detailed design phase.
3.1.3. Mooring lines
The properties of the mooring system can be found in [45]. It was designed
for the TripleSpar design [45, 47], with two upwind lines and one downwind line
with fairleads above Still Water Level (SWL), at zfrlds = 8.7 m and a radial
distance from the tower centerline of dfrlds = 26 m. This large distance makes it
possible to keep the same mooring system for all column spacings d of Figure 3.
3.1.4. Tower
The tower design is not varied in the optimization study but the parameters
of the reference TripleSpar are used [45]. For FOWTs it is important that the
tower eigenfrequency does not coincide with the Three-Times-Per-Revolution
(3p)-frequency range of the rotor. However, the considered platforms of Figure 3
show only little variations of the eigenfrequencies. This is mainly due to the
hydrostatic design constraints (Section 3.2). Consequently, no adaptation of the
tower design is considered in this work.
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3.1.5. Cost estimation
FOWT cost models have been subject of different research projects with a
good overview and summary in [48, 49]. For this work, a cost of the processed
material of the concrete heave plates and columns and the steel tripod, including
both, material and manufacturing costs, is assumed. The values are in line with
LIFES50+ Deliverable 4.3 [50] and can be found in Table 2. The cost levels
shown in Figure 3 are comparable to the ones of [49]. Other costs than the ones
mentioned, like installation, assembly and O&M costs are not considered. It is
noted that these values are rough approximations, which might change due to
concrete shrinkage and also due to existing price fluctuations over time.
3.2. Hydrostatic design
The hydrostatic restoring stiffness in pitch-direction C55 is a driving prop-
erty, which influences the FOWT mean pitch angle under wind loads and there-
fore the power losses from misalignment, the maximum amplitudes and the
eigenfrequencies. In other works, such as [40], the value of C55 is free to vary in
the design space and constraints on the pitch eigenfrequency are imposed.
In this work, the hydrostatic restoring was constrained, following the per-
ception that the hydrostatic restoring is crucial for the above-mentioned FOWT
properties. A variation of C55 might result in small changes in cost and per-
formance, while a large change of its value is unrealistic. The restoring C55 =
2.255× 109 Nm/rad is set as constraint for all geometries of the design space.
Depending on the free variables column spacing d and heave plate height hhp,
the draft, as remaining variable, is determined such that this constraint is sat-
isfied. A root-finding algorithm, connected to the structural design and the
hydrostatic functions, solves this problem. The steady state pitch angle is
about βp,rated ≈ 3.0 deg at rated wind speed. It would change as a function
of the fairlead vertical position, due to a different lever arm of the rotor thrust
force. This vertical position, however, is constant throughout the design space.
3.3. Hydrodynamic coefficients
A parameterized panel model has been set up to calculate the hydrodynamic
coefficients with Ansys Aqwa-Line.
The column drag coefficient is kept constant for all designs and sea-states.
It has been selected conservatively as CD = 0.4. In the case of the heave plates,
the drag coefficient is iterated based on the experimental data given in [51].
This data was parameterized as a function of KC , which is possible because
the Reynolds number and the surface roughness have little influence for shapes
of sharp edges. For all designs, the vertical drag force is applied only at the
lower (keel) surface of the heave plates and the bottom cross-sectional area of
the heave plates is used for the calculation of the drag force. The iterative
procedure is subject of the paper [52].
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3.4. Controller design
As introduced in Section 1, the blade pitch controller of the wind turbine for
above-rated wind speeds is critical for the FOWT system stability. In order to
ensure a properly tuned controller for each of the designs of Figure 3, a method
was developed to automate the design of a Single-Input-Single-Output (SISO)
Proportional-Integral (PI)-controller, depending on the linear dynamic model.
This model will be introduced in Section 4. The controller design procedure is
subject of the companion paper [53] and part of the thesis [43], which includes
a comparison against a multivariable controller.
Figure 1 of Section 1 shows on the right the iterative solution procedure to
obtain the controller gains: It follows from the implementation of [52], which
considers viscous drag coefficients of the heave plates that are a function of the
KC -number, which is itself a function of the nodal response magnitude. The
resulting platform viscous damping eventually determines how aggressive the
wind turbine controller can be tuned. Thus, the viscous drag and the blade
pitch controller gains are obtained iteratively.
The parameterized control design routine has proven to be valid throughout
the entire design space of platforms, which was verified through simulations over
all operating wind speeds. Especially the rotor speed and power overshoots are
for all platforms within the design space and the metocean conditions of [54,
Chap. 7] inside commonly used design constraints.
4. Simulation Model
The numerical FOWT model used for the computation of the load response
in this work was described in [43, 42]. Figure 4 shows a mechanical sketch of
the Simplified Low-Order Wind Turbine (SLOW) model. The intended purpose
of the model is to represent the overall rigid-body and elastic dynamics of the
system. It shall, on the other side, disregard all effects which increase complexity
without contributing to the main system response. Through the improvement of
computational speed, an efficient calculation of the load response for all designs
is possible. The model derivation starts with physical (as opposed to black-
box) models, keeping the inherent nonlinearities. Subsequently, these models
are linearized and the frequency-domain response spectra will be used here,
which is subject of Section 5.
The structural model is derived using the theory of flexible MBS. An advan-
tage of the implemented algorithm is that the setup of the equations of motion
is user-defined. Thus, the multibody structure can be adapted to the analyzed
problem. In this work, the equations of motion have been set up for six DoFs
in 2D: The floating platform rigid body in surge (xp), heave (zp) and pitch (βp),
a flexible tower with one generalized coordinate xt, the rotor speed Ω and the
blade pitch actuator θ1 is selected, see Figure 4. These DoFs are chosen with
the aim of reducing the system to the most important forces and response dy-
namics. The largest environmental forces act usually in the direction of wind
and waves (x).
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Figure 4: Low-order simulation model SLOW properties. Reprinted from [52] with permission
from MDPI, 2018.
The aerodynamic model avoids an iterative solution of the lift and drag
forces on the blade sections [55]. Instead, the bulk flow across the entire rotor
is considered and the rotor thrust and torque is calculated as function of the
Tip Speed Ratio (TSR) and the blade pitch angle, using the rotor thrust and
power coefficient. This method neglects azimuth-dependent forcing, especially
through wind shears. These are re-introduced through a rotational sampling of
turbulence at the rotor rotational frequency. The method has proven to be a
good tradeoff between accuracy and efficiency, especially for the optimization
of the FOWT substructure, as shown in [43].
The hydrodynamic model uses the first-order panel code coefficients and
a node-based Morison drag model for a reliable representation of the fore-aft
viscous damping, as introduced in Section 1. A significant improvement of the
computational efficiency is achieved through the frequency-independent added
mass and the neglected radiation damping. It is shown in [43] that radiation
damping is of little influence for the considered platforms, because the dominant
forces at the frequencies of nonzero radiation damping are the first-order wave
forces. Newman’s approximation [56] is employed to account for low-frequency
slow-drift forcing. The mooring forces result from a quasi-static model.
The nonlinear equations of motion are linearized about all operating points,
resulting in a linear state-space description. The aerodynamics are linearized
with a tangent approximation of the rotor coefficients through a central differ-
ence scheme. The quadratic drag is linearized through Borgman’s method [57],
using the Standard Deviation (STD) of the platform nodes, obtained from an
iterative frequency-domain solution. The linear model is only valid for small
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deviations of the states from the operating point. For this reason, the analyzed
results focus on operational rather than extreme load cases. To prove the valid-
ity of the results, Section 5 will include a comparison against the higher-fidelity
FAST model.
5. Load Calculation
This section presents the results of load calculations in operational condi-
tions across the design space. First, selected signal statistics will be compared,
weighted with the probability of occurrence of each environmental condition over
a lifetime of 20 years in the same way as [58]. Thereafter, the frequency-domain
response will be analyzed and the results will be verified through a comparison
against the reference model FAST. A design indicator will be presented at the
end of this section, which is able to predict the optimal response behavior.
The environmental conditions of the project LIFES50+ are used with a
significant wave height up to Hs = 8.3 m, see Table 4. For each wind speed,
three different peak spectral periods Tp are considered, each with a probability of
occurrence of 1/3 for the respective mean wind speed. One-hour simulations are
performed with both time-domain models, cutting the transient for statistical
evaluation.
Table 4: Environmental conditions for operational load cases of [54, Chap. 7].
Wind speed v¯ [m/s] 5.0 7.1 10.3 13.9 17.9 22.1 25
Significant wave
1.4 1.7 2.2 3.0 4.3 6.2 8.3
height Hs [m]
Peak spectral
5.0 5.0 5.0 7.0 7.5 10.0 10.0
period Tp1 [s]
Tp2 [s] 7.0 8.0 8.0 9.5 10.0 12.5 12.0
Tp3 [s] 11.0 11.0 11.0 12.0 13.0 15.0 14.0
Probability f [%] 14.8 25.0 28.7 17.5 5.9 0.9 0.1
5.1. Operational load response
The linear frequency-domain SLOW model of Section 4 is used to simulate
the response to the metocean conditions of Table 4 for thirty platform designs
of the parameter space of Figure 3.
Figure 5 shows the statistical results of the IEC Design Load Case (DLC)
1.2 [59], weighted with the Weibull probability density function of Table 4.
The Damage-Equivalent Load (DEL) of the tower-base fore-aft bending mo-
ment Myt is calculated for a lifetime of 20 years with a Wo¨hler exponent of m =
4. The STDs are normalized with the corresponding values for the onshore
DTU 10 MW RWT with the same turbulent wind fields. For onshore turbines,
the significant loading through the waves is not present and only the harmonic
loads of the Once-Per-Revolution (1p) and 3p-frequencies are the main fatigue
drivers. It can be seen that the weighted DEL of Myt has a minimum at
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the shallow-draft shape (d = 24 m, hhp = 4.5 m). The same holds for the
weighted STD of the rotor speed Ω (which is proportional to the power for
above-rated winds) and the platform pitch angle βp (here the minimum is at
the thinnest heave plate hhp = 1.0 m). The blade pitch activity (θ) is rather
constant over the design space.
These results show a tower-base bending damage variation of more than 30 %.
The fatigue damage is for the optimal design only 50 % greater than for the on-
shore turbine, although the wave conditions are rather severe. The estimated
material cost of this design is not significantly higher than the one of the deeper
draft, see Figure 3, although the shallow-draft platform has a large column
spacing of d = 24 m and a column radius of r = 10.8 m with heave plates
of rhp = 17.4 m.
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cording to wind speed distribution. DEL/STD are normalized results with correspond-
ing FAST onshore simulations of DTU 10 MW RWT with the same wind fields. Heave plate
height hhp = [1.0, 8.0] m (increasing darkness), [43].
Figure 6 shows a comparison of the response spectra of the deep-draft and
the shallow-draft platforms. The shallow-draft shape has a larger difference-
frequency and wind-induced response in surge at the lower end of the frequency
axis. Except for this, the reason for the good performance, indicated by Figure 5,
becomes clear: The shallow-draft platform has visibly smaller responses at the
pitch eigenfrequency of fd,pitch ≈ 0.04 Hz but, even more importantly, at the
first-order wave frequencies of 0.1 Hz (v¯hub = 17.9 m/s, left) and 0.08 Hz (v¯hub =
25 m/s, right). This effect is noticeable for the platform motion response βp but
even more for the tower bending (xt, Myt), the rotor speed Ω and the electrical
power P .
5.2. Comparison of design model and reference model
Figure 7 shows the same response signals as Figure 5 with a comparison
between the nonlinear and the linearized SLOW models and the FAST model.
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d = 24 m, red) platforms for v¯hub = 17.9 m/s (left) and v¯hub = 25.0 m/s (right) with PI-
controller, computed by FAST, [43].
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The comparison shows the results of all column spacings d for the flattest heave
plate hhp = 1.5 m and the thickest heave plate hhp = 8 m. The qualitative
optimum towards large d (shallow drafts) is predicted equally by all models.
Consequently, the low-order model is generally suitable for the considered con-
ditions and assessed response quantities.
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FAST (green), [43].
There is a constant concept-independent offset of the DEL between the
SLOW models and FAST. The reason for this offset is the simplified actua-
tor disk model. The excitation of the blades through wind shear is only re-
introduced through a rotational sampling of the blade-effective wind at the
nominal rotor speed, see [42]. The offset of the rotor speed Ω and blade pitch
angle θ is related to the linearized SLOW model. The linearized model under-
predicts the variation of the rotor responses because of the nonlinear switching
algorithm of the controller. The objective of the below-rated controller is to
maximize power production, while the above-rated controller aims at limiting
the power production. The switching between the control regions is a highly
nonlinear effect, which cannot be modeled with the linear frequency-domain
model. It is, however, modeled in the time-domain model, which agrees no-
tably better with FAST for Ω and θ. The platform pitch angle variation is well
aligned among the time-domain models with a slight underprediction of SLOW
for the platforms of deep draft. The linearized model underpredicts the pitch-
STD for the shallow-draft platforms. This effect is distinct for the two heave
plate heights hhp and might therefore be due to the simplified radiation model,
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see [42].
5.3. Extreme load response
The load response to IEC DLC 6.1 with 50-year wind and wave conditions
is presented in this section. The reference model FAST was used in this case
because of large expected excursions, where especially the aerodynamic model
of SLOW might not predict reliable results, due to its simplifications. Turbulent
wind and irregular wave timeseries were generated according to [54, p. 58, 64].
Figure 8 shows the mean of the maxima of the tower-base bending moment Myt
and the tower-top acceleration x¨tt (the absolute one, including platform ac-
celerations) of three one-hour simulations. The results confirm the findings of
Figure 5: The shallow-draft platform has small tower-top accelerations of less
than 0.3g. The LIFES50+ design basis [60] would accept these values even
during operation, while the limits for shut-down conditions are x¨tt,max = 0.3g.
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Figure 8: DLC 6.1 extreme sea state with 50-year extreme conditions of v¯50 = 44 m/s, Hs =
10.9 m and Tp = 15 s. Tower-base bending moment (left) and absolute tower-top acceleration
(right) simulated with FAST. Heave plate height hhp = 4.5 m.
6. Results Analysis and Design Indicators
A key to understanding the underlying effect for this remarkable ability of the
shallow-draft platform (d = 24 m) to reject disturbances is the analysis how the
system responds to sinusoidal disturbances, meaning regular waves of different
frequencies or harmonically oscillating wind speed. The ability to reject these
disturbances will be quantified with a new design indicator at the end of this
section.
6.1. Harmonic response to wind and waves
Figure 9 shows the harmonic response to wind and wave forces. The lines,
representing each a different frequency, stand for the FOWT centerline response.
The horizontal distance of each point on the lines to the y-axis indicates the
amplitude of oscillation of the system response at all elevations z along the cen-
terline to sinusoidal wind (upper) and wave excitations (lower). The analysis is
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made with the low-order linearized model of Section 4 with first-order hydro-
dynamics, quasi-static mooring lines, an elastic tower, aerodynamics and the
tuned PI-controller at v¯hub = 13.9 m/s. The centerline amplitude |Φx,i(z, ω)|
results from the disturbance transfer function or Response Amplitude Operator
(RAO) Gdi,xk(ω) from wind (i = 1) and waves (i = 2) to the states surge, pitch
and tower-bending, represented by xk as
|Φx,i(z, ω)| = |Gdi,xp (ω) +Gdiβp (ω) z +Gdi,xt (ω)ϕx(z)|. (3)
The tower shape function is denoted by ϕx(z).
The solid black horizontal lines indicate the overall Center of Mass (CM)
of the FOWT and the dashed line indicates the center of buoyancy. For ships,
the instantaneous center of roll motions is usually the metacenter, [61, p. 62].
Here, the instantaneous center of rotation in pitch is the vertical location on the
platform with near-zero amplitude. The response to harmonic wind excitations
shows a center of rotation equal to the CM. The same behavior is generally
observable for all platforms.
The lower part of Figure 9 shows the harmonic response to waves. Here,
the instantaneous center of rotation is below the platform-CM for the platforms
of deep draft. The platform of the lowest draft (d = 24 m) has a different
behavior: Its instantaneous center of rotation is at higher elevations, near the
rotor hub. This is remarkable because it means that the hub does not respond
with a horizontal movement to wave excitations. Consequently, the wind turbine
power production is almost not affected by the waves and the rotor does not see
any platform-induced relative wind speed. The shallow-draft platform responds
in a way that surge is positive, when pitch is negative. Thus, these DoFs are out-
of-phase, as opposed to the other platforms, which have an in-phase response
of surge and pitch to waves. Therefore, this optimality cannot be found when
the surge or pitch RAO is sought to be minimized. The same idea inspired the
developers of a TLP platform to arrange the taut mooring lines, such that the
system is forced to rotate about the hub, see [62]. The fact that this behavior
can be obtained for semi-submersibles has not been published yet.
The cause leading to this response behavior are the Froude-Krylov pressures,
integrated over the hull surface. The coupled magnitude and phases of the force-
RAO vector X(ω) are for the optimal shape such that the presented response of
the FOWT system is obtained. Semi-submersibles are predestined for a “shap-
ing” of the force-RAO because the floater members see different phases of the
waves and, additionally, the horizontal (heave plates) and vertical (columns)
surfaces experience different phases of the Froude-Krylov pressures, which allow
a counter-phase surge and pitch forcing.
Eventually, the shallow-draft platform motion is not constrained but a mo-
tion response to mitigate the wave pressures is allowed. Important is the fact
that the allowed motion response is favorable, such that the transmissibility of
the wave forcing towards the wind turbine is reduced. The smaller tower-top
motion yields smaller inertial forces of the Rotor-Nacelle Assembly (RNA). The
bending moments from the gravitational forces of the RNA are reduced because
18
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Figure 9: Harmonic response of FOWT system over typical wind frequencies (top) and wave
frequencies (bottom) at v0 = 13.9 m/s with heave plate height hhp = 4.5 m. Solid black line:
FOWT overall center of mass, dashed black line: center of buoyancy, [43].
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the platform pitch angle is also smaller for the shallow-draft design (Figure 5).
The aerodynamic damping forces are not significant at the wave frequencies [63].
In conclusion, the stationary hub does not only yield a smooth power produc-
tion but also reduced tower-base bending moments. Small adjustments in the
optimal harmonic response shape can be expected when taking other outputs,
like the mooring fatigue, into account.
The “counter-phase pitch response” of Figure 9 is important for the con-
troller design: Because of the minimal motion response at the hub, the power
fluctuations are reduced. Also, the coupling of the substructure dynamics with
the controller is reduced. Common controllers feed back the rotor speed devia-
tion from the set point. If the rotor responds less to the wave forces, there will
be less wave-induced rotor speed deviation and the wave response will not be
amplified by the controller as with regular FOWT platforms. It is emphasized
that the harmonic response is not to be confused with the modal response to
turbulence and slow-drift forces. This one can be well damped by wind turbine
controllers, which feed back a fore-aft velocity signal, as in [64], [65] or [66].
It was shown in [64, 63] that the system response to first-order waves cannot
be damped by the controller because of their large magnitude. Consequently,
the shaping of the hull which yields the favorable first-order wave response can
be effectively complemented by a controller, which damps the low-frequency
motion response.
The sensitivity of this behavior to the peak spectral wave period Tp is ob-
vious from Figure 9. Thus, the favorable design is site-dependent. It can be
seen, however, that the sensitivity is not very pronounced, meaning that the
instantaneous center of rotation does not move significantly as a function of the
wave frequency. This shows a certain robustness of the response behavior in
terms of the environmental conditions.
6.2. Design indicator: Minimum required control action
The harmonic response of Figure 9 helps to understand the reason for the
favorable behavior of the shallow-draft platforms. In this section, a new design
indicator will be introduced to generally judge the goodness of a platform in
terms of its induced wind turbine response. The idea is to quantify the nec-
essary controller action to perfectly cancel the external forcing from wind and
waves. The smaller the controller activity, the better the capability of the de-
sign to inherently reject disturbances itself. Figure 10 shows the linear FOWT
system transfer function in the Laplace domain G(jω) with additive distur-
bance transfer functions Gd,i for the control inputs generator torque and blade
pitch angle u = [Mg, θ]
T and the outputs rotor speed and tower-top bend-
ing y = [Ω, xt]
T . Both, the plant G(jω) and the disturbance transfer function
for wind Gd,v0(jω) and the one for waves Gd,ζ(jω), collected in Gd, are ob-
tained from the linear SLOW model and scaled as in [63]. This is convenient as
it means that a response yi ≥ 1 exceeds the design limits, see [67].
In order to quantify the impact of disturbances on a linear system, Sko-
gestad [68] calculates the 2-norm of the control input, theoretically necessary
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Figure 10: FOWT square plant with additive disturbances.
to perfectly cancel the disturbances. This analysis does not consider the con-
troller dynamics but only the actuator authority on the system response. The
required control input u can be obtained, given a disturbance d, through system
inversion as
u = −G−1(jω)Gd(jω)d. (4)
The least necessary actuation4 has been calculated for the different plat-
forms for the wind excitation d = v0 = 1 and wave excitation d = ζ0 = 1
independently in Figure 11. The part from wind excitation (upper part of Fig-
ure 11) does not show a large variation over the different platforms, except for
the changing eigenfrequencies. It is different for the wave excitation: The best
performance (equal to the least required actuation U∗min) results here for the
largest column spacing d = 24 m. Consequently, the assessment of the minimum
required control input can well predict the optimality of the semi-submersibles,
seen in the Figure 5 and 9.
This indicator allows a general quantification of the ability of a FOWT
platform to support a wind turbine without transmitting detrimental external
excitation forces. It is the basis for a platform design, particularly adapted to
the requirements of the wind turbine.
Parameters of optimum design. A FAST model of the optimum shape can be
downloaded [69]. The hull shape has a column radius of r = 10.81 m, a spacing
from the centerline of d = 24 m a heave plate thickness of hhp = 4.5 m a draft
of t = 21.94 m. The platform has a mass including ballast of m = 3.115× 104 t
and a center of mass below SWL of zcm,ptfm = 13.36 m.
7. Conclusions
The study can be summarized by two parts:
4Calculated for both control inputs u, assuming the most effective combination of them,
through a Singular Value Decomposition (SVD) of G. U∗min(ω) is the 2-norm of the control
input vector.
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for platforms of different column spacings d = [15(1)24] m (increasing darkness) and hhp =
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First, an integrated optimization procedure for semi-submersible FOWTs
was set up. A small design space of a three-column semi-submersible with
heave plates was defined, ranging from a slender deep-drafted geometry to a
shallow-draft one with large column diameter. A tailored coupled simulation
model of low order was employed to calculate the system response, but also for
the design of a wind turbine controller that is tuned for each platform design.
As a result of the optimization, the design of lower draft gave a remarkable
improvement of the response of the tower-base bending.
Second, a detailed analysis of the results revealed a particularly favorable
response behavior to first-order waves, which can be represented by a new design
indicator. The identified optimum is mainly due to an efficient design of the hull
shape, yielding a favorable response behavior: The harmonic response function,
derived from a linearized low-order model, revealed the dynamic characteristics
of the optimum shape. It shows almost no fore-aft motion at the rotor hub,
which means that the entire system, subject to wave loads, rotates about this
point. As a result, the hub is almost stationary and the fluctuations of the power,
the rotor speed, generator torque and blade pitch angle can be significantly
reduced. An interpretation of this is that the surge and pitch response are
out-of-phase, yielding a positive surge displacement when the pitch angle is
negative.
In order to consider this optimal dynamic behavior of semi-submersibles in
future design practices, a new performance indicator was developed: The “least
required actuator action” is considered, the action of the blade pitch angle and
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generator torque. Their magnitude, necessary to reject the wave loads, is an
indicator, which can effectively predict how well a floating platform is able to
inherently reject disturbances itself, without transmitting them to the wind
turbine.
The study showed that it is possible to design a FOWT platform, specifically
suitable to carry a wind turbine, minimizing the effect of the waves on the
power production. While the first-order wave loads cannot be mitigated by
the controller, a further improvement of the low-frequency response behavior
through the controller is possible. The presented harmonic response graph can
be a good means for the selection of additional feedback loops. Although the
cost model of this work is simple, the work follows the idea that a smooth
behavior in harsh met-ocean conditions is a key for a sustainable and low-cost
FOWT design.
Further studies will address the impact of the counter-phase response on the
mooring line loads and integrate them into an optimization process.
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